The bystander effect, whereby cells that are not traversed by ionizing radiation exhibit various responses when in proximity to irradiated cells, is well documented in the field of radiation biology, Here we demonstrate that considerable bystander responses are also observed after photodynamic stress using the membrane-localizing dye deuteroporphyrin (DP). Using cells of a WTK1 human lymphoblastoid cell line in suspension and a transwell insert system that precludes contact between targeted and bystander cells, we have shown that the bystander signaling is mediated by diffusing species. The extranuclear localization of the photosensitizer used suggests that primary DNA damage is not the trigger for initiating these bystander responses, which include elevated oxidative stress, DNA damage (micronucleus formation), mutagenesis and decreased clonogenic survival. In addition, oxidative stress in the bystander population was reduced by the presence of the membrane antioxidant vitamin E in the targeted cells, suggesting that lipid peroxidation may play a key role in mediating these bystander effects. The fluence responses for these bystander effects are non-linear, with larger effects seen at lower fluences and toxicity to the target cell population. Hence, when considering outcomes of photodynamic action in cells and tissue, bystander effects may be significant, especially at sublethal fluences. g 2009 by Radiation Research Society
INTRODUCTION
The long-accepted paradigm that damage induced by ionizing radiation and other sources of stress is restricted to those cells targeted directly by the insult has now come into question after the observation that ionizing radiation can elicit a variety of responses (1) , such as altered gene expression (2) , DNA damage (3, 4) , mutation (5, 6) , cell death (7) and malignant transformation (8) in bystander cells that were not directly targeted. The term bystander effects describes processes where naive (bystander) cells in proximity to cells that are directly subjected to certain stresses or stimuli exhibit responses that would not have occurred in the absence of the directly targeted cells. The bystander cells respond on receiving some type of ''signal'' from the targeted cells. Thus bystander effects constitute a relatively new paradigm that must be considered in evaluating the response of tissues to stress that arises from environmental sources (radiation, UV light, toxic chemicals, etc.) or therapeutic intervention [e.g., chemotherapy, radiotherapy, UV phototherapy and photodynamic therapy (PDT)].
While the existence of ionizing radiation-induced bystander effects is now clear, the mechanism(s) responsible for triggering these effects remain unclear. Different reports suggest that multiple signaling pathways could be involved in mediating these processes, including gap junction-mediated intercellular communication (9, 10), diffusion of soluble factors (9-11), including nitric oxide (12) and ROS (13, 14) , and oxidative metabolism (15) . Some studies suggest that direct cell-cell contact is required, but others have shown that this is not a prerequisite and that bystander effects can be elicited through application of conditioned medium taken from irradiated cell cultures, suggesting release from the targeted cells of signaling molecules such as different cytokines, ROS, calcium and nitric oxide (7, (16) (17) (18) (19) . It is also apparent that parallel pathways may be possible and that the magnitude and mechanisms of bystander responses could be dependent on the cell type and treatment.
Although ionizing radiation has been widely shown to induce bystander responses, it is not unique in generating these phenomena. A limited number of reports suggest that bystander responses are also produced by other stresses, including chemotherapeutic drugs, (20) ultraviolet light (21) (22) (23) (24) and photodynamic treatment (22, (25) (26) (27) (28) . PDT has been investigated for treatment of a variety of pathological conditions and diseases such as some cancers (29, 30) , age-related macular degeneration (31) , rheumatoid arthritis (32), skin conditions (33, 34) and wound healing (35, 36) . PDT uses a combination of visible light and a localized photosensitizer to produce acute oxidative stress from singlet oxygen generation to eradicate diseased tissue. However, the responses of surviving cells in the target tissue as well as normal cells in the periphery are important elements that contribute to outcome after PDT (or any other therapy), with particular regard to later carcinogenesis.
The present study was undertaken to evaluate the effects of targeted photodynamic stress on bystander cells and to determine whether medium-mediated factors play any role in extending the zone of response from the target cells alone. Previous work on photosensitized bystander effects adopted a statistical approach to the distribution of cellular response in an irradiated population (22, 26, 27) . In this work we adopted a direct method that provides better delineation between targeted and bystander cells to study these phenomena in more detail; i.e., a transwell insert culture dish was used to co-culture bystander and targeted cells (37) . Under these conditions the two populations are physically separated with no cell-cell contact but share the same medium, providing a useful approach to discern the involvement of soluble factors in mediating bystander effects and to provide information on the mechanisms involved. A more global understanding of the interaction and responses of directly targeted and bystander cells to oxidative insult would be valuable to understand the progression of diseases involving oxidative insult and in planning and interpretation of therapeutic modalities.
MATERIALS AND METHODS

Chemicals
Deuteroporphyrin (DP) was prepared from deuteroporphyrin IX dimethyl ester as described previously (38) and kept as a stock solution (3.5 mM) in dimethyl sulfoxide (DMSO). 5-(or 6)-Chloromethyl-29,79-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA) was purchased from Molecular Probes (Invitrogen, Eugene, OR). CM-H 2 DCFDA (50 mg) was dissolved in 50 ml of DMSO (Sigma, St. Louis, MO) to a stock concentration of 1.73 mM for further dilution in experiments. 29-Deoxycytidine, hypoxanthine, aminopterin, thymidine and trifluorothymine deoxyriboside (TFT) were purchased from Sigma. Low-melting agarose, normal-melting agarose, EDTA, Trisma, Triton X-100, NaOH, a-tocopherol acetate (vitamin E) and 49,6-diamidino-2-phenylindole (DAPI) were also purchased from Sigma.
Cell Culture
WTK1 cells, a human lymphoblastoid cell line, were grown at 37uC in a humidified atmosphere of 95% air/5% CO 2 with RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 5% penicillin and streptomycin and 5% Hepes buffer (Sigma). The cells were subcultured every 2 days and were never allowed to exceed a density of 0.8 3 10
6 cells/ml. The WTK1 cell line contains a mutation (39) (40) (41) in the p53 gene (p53Ile 237 ) that confers hypermutability (42, 43) ; this makes it ideal for mutagenesis studies in experimental situations where the use of relatively small cell numbers is desirable.
Cell Irradiation and Co-culture
Cells were washed and resuspended at a density of 2 310 6 cells/ml in Hanks' balanced salt solution (HBSS, pH 7.4). Cells were then incubated with 0.5 mM. DP for 15 min at 37uC in a humidified atmosphere of 95% air/5% CO 2 . Then 1.5-ml samples of cell suspension were illuminated at 532 nm using a Nd/YAG laser (Spectra Physics GCR-150) operating at 20 mW (10 Hz rep rate, 2 mJ/pulse, ,6-mm beam diameter). Samples were irradiated with total light fluences up to 3.6 J/cm 2 . Immediately after illumination, 375 ml of treated samples was placed in wells (with a growth area of 9.6 cm 2 ) of six-well plates (Falcon) with complete RPMI 1640 medium (2.725 ml) at a density of 2.4 3 10 5 cells/ml. To study bystander effects, 3.9 3 10 5 cells in 3 ml of medium were placed in a transwell culture insert dish (Falcon, Franklin Lakes, NJ) with a growth area of 4.2 cm 2 . The insert dish bottom is a microporous membrane with 1-mm pores at a density of 1.6 3 10 6 /cm 2 , allowing transfer of dissolved species in the medium without contact between targeted and bystander cells. The bottom surface of the insert is 0.9 mm from the bottom of the companion well. The experimental approach is summarized in Fig. 1 . Plates with targeted (well) and bystander cells (insert) were cultured in the incubator at 37uC in a humidified atmosphere of 95% air/5% CO 2 .
Clonogenic Survival
Photodynamically targeted cells were plated in a 96-well plate at an average of 1 cell/well immediately after treatment over the range 0-3.6 J/cm 2 and incubated for 14 days. To measure viability in bystander cells, the targeted cells were immediately placed in coculture with bystander cells for 24 h at 37uC in a humidified atmosphere of 95% air/5% CO 2 . After 24 h the cells in the insert were counted and plated in a 96-well plate at ,1 cell/well. Colonies from targeted and bystander populations were counted after 14 days, and cell survival was calculated by Poisson distribution, as described in earlier studies (44) . Colonies consisted of at least 50 cells in a well but typically contained hundreds to thousands of cells.
Micronucleus Formation
Chromosome damage was assessed using the cytokinesis-block micronucleus technique (45) in the treated and bystander cells. BYSTANDER EFFECTS FROM PHOTODYNAMIC STRESS Binucleated cells result from actively dividing cells that cannot advance, as cytokinesis is blocked by cytochalasin. Micronuclei are due to broken or detached chromosomes that separate from the mitotic spindle after mitosis. Photodynamically treated cells in companion wells were incubated for 24 h prior to addition of cytochalasin B (2 mg/ml) and then harvested after a further 36 h. For bystander studies, the inserts containing unirradiated cells were put into the companion wells immediately after treatment and cytochalasin B (2 mg/ml) was added. Cells were then harvested after 36 h coculture with treated cells. The additional 24-h delay for the treated cells was necessary because photodynamic treatment induces temporary cell cycle arrest in the surviving cells. After harvest and centrifugation at 800 rpm, cells were treated with 5 ml hypotonic KCl (0.1 M) for 15 min. Cells in the pellet were fixed with two washes using 5 ml methanol:acetic acid (3:1, v/v) solution, then resuspended in 1 ml methanol:acetic acid solution. Samples were dropped onto slides, dried and stained with DAPI (10 mg/ml) for 5 min, then washed twice with distilled water. After drying, nuclei were observed under a fluorescence microscope (Nuance Multispectral Imaging System, CRI Inc., Woburn, MA). At least 500 binucleated cells were scored using standard criteria. Results are expressed as the percentage of micronucleated binucleated cells.
Determination of Mutagenicity at the tk Locus
Cells at a density of 10 5 cells/ml were treated for 48 h with CHAT (C: 29-deoxycytidine 10 25 M, H: hypoxanthine 2 3 10 24 M, A: aminopterin 10 27 M, T: thymidine 1.75 3 10 25 M) to reduce the background mutant fraction prior to photodynamic stress. After CHAT treatment, cells were centrifuged and resuspended in fresh medium containing THC (CHAT minus aminopterin). After a further 24 h, the cells were subcultured with fresh medium and subjected to photodynamic stress, as described above. Immediately after treatment, the cells (10 5 cells/ml) were transferred to nonselective RPMI 1640 medium and cultured for 3 days to allow phenotypic expression of newly induced mutants. For the bystander experiment, naive cells were co-cultured in the well/insert system with directly irradiated cells for 24 h and then removed and cultured separately in RPMI 1640 medium for a further 2 days. Cells from each culture were then plated in 96-well plates (2 plates/group) at 1 cell/well in the absence of TFT (trifluorothymine deoxyriboside). Plating efficiency (PE) was evaluated 2 weeks later by counting the number of wells with colonies in each plate; colonies generally contained $10,000 cells. In another set, the mutant fraction was determined by plating 2000 cells in each well in the presence of TFT (2.0 mg/ml) and incubating for 11 days prior to scoring colonies. Plates were rechallenged with fresh TFT medium 11 days after initial seeding and incubated for an additional 10 days to observe the appearance of any late-appearing mutants. Mutant colonies also consisted of $10,000 cells and therefore were easily distinguished from the 2000 wild-type cells that had been killed by TFT. The mutant fraction and PE were calculated using the Poisson distribution as described (44) .
Microplate Spectrofluorometric Analysis of Oxidative Stress
Oxidative stress was assayed using the probe CM-H 2 DCFDA. This compound is converted to the fluorescent chloromethyl-dichlorofluorescein (CMDCF) structure and oxidation and cleavage of the acetate groups by intracellular esterases. Cells were co-incubated with 0.5 mM DP and 1.5 mM. CM-H 2 DCFDA for 20 min before treatment. After illumination the cells were washed once with HBSS and resuspended in 1 ml HBSS for immediate microplate spectrofluorometric analysis, as described below. Bystander cells were placed in co-culture with directly targeted cells in a transwell insert system immediately after treatment for 6 h to allow the appearance of delayed ROS generation. After co-incubation, 1.5 mM CM-H 2 DCFDA was added to the bystander cells for 20 min followed by removal of bystander cells from the insert, washing and resuspension in 1 ml HBSS. Then 200 ml of this cell suspension was added to a well of a 96-well plate (3 wells per sample). The oxidized probe (CMDCF) fluorescence was measured immediately at 37uC using a microplate spectrofluorometer (Spectramax, Molecular Devices, CA) with excitation at 488 nm and an emission maximum of 535 nm. Samples were scanned only once because of potential perturbation by analyzing light.
Statistical significance was determined in all experiments using the Student's t test, and a P value of ,0.05 was considered significant.
RESULTS
The viability of photodynamically targeted and bystander WTK1 cells was studied by clonogenicity. Directly targeted cells exhibit a clear fluence-dependent decrease of clonogenic survival, as shown in Fig. 2 . However, the survival data for bystander cells that were immediately co-cultured with treated cells for 24 h was not fluence-dependent and exhibited the greatest loss of clonogenicity at the lowest fluence of 0.6 J/cm 2 of 532 nm light to the targeted cells. This difference was statistically significant (P , 0.05) compared to the higher doses, but no significant difference was observed in clonogenic survival between bystander cells at 1.8 and 3.6 J/cm 2 . The slight decrease in cell viability in the targeted population at 0 J/cm 2 is probably due to longterm effects of the photodynamic agent (DP) in the clonogenic assay because the bystander population control does not contain DP and the cell viability is slightly higher.
We have demonstrated previously that photodynamic treatment with DP gives rise to DNA damage in WTK1 cells via secondary reaction processes (46) . In the present study we extended our observations to possible effects on bystander cells, because extensive DNA alterations 76 have been demonstrated previously in similar experiments using ionizing radiation. Figure 3 shows the dependence of micronucleus formation in targeted and bystander cells on fluence delivered to the target cell population. Targeted cells show a fluence-dependent increase of micronucleus formation, as expected. However, the micronucleus formation in the bystander cells again shows the highest levels at the lowest photodynamic dose delivered to the target cells and decreases slightly at the higher doses, with all values decreasing by a statistically significant amount (P , 0.05). Although the difference in micronucleus formation between targeted and bystander cells is not significantly different at a fluence of 1.8 J/cm 2 , unlike 0.6 and 3.6 J/cm 2 , the response profiles are clearly different for each population.
An obvious consequence of DNA damage is potential mutagenicity if the lesion is unrepaired or misrepaired. Thus a mutagenesis assay was performed on directly treated and bystander WTK1 cells at the thymidine kinase (tk) locus, which reflects mainly deletions, translocations and recombinations. Cells mutated at the tk locus are able to proliferate in the presence of the pyrimidine analogue TFT, whereas normal WTK1 cells cannot. Figure 4 shows the mutation frequency as a function of applied fluence. In directly targeted cells, the induction of tk-locus mutants increased with treatment fluence, rising to a fourfold increase over background with 3.6 J/cm 2 . Bystander cells also displayed increased mutant frequency but not in a fluence-dependent manner, with the highest mutation frequency seen at the lowest photodynamic fluence of 0.6 J/cm 2 to the target cells. A further increase in the dose to the treated cells produced a statistically significant decrease in mutation frequency (P , 0.05) in the bystander cells. However, no significant difference in mutation frequency was observed between the two highest doses used. These data indicate that photodynamic stress can cause mutation in the DNA of bystander cells in addition to that in directly targeted cells.
An increased level of ROS in mammalian cells after photodynamic stress has been well documented. Oxidative stress has also been suggested to play a critical role in mediating the bystander response (9, 20, 47) . DP is a type II photosensitizer, exclusively generating singlet oxygen under the conditions used here (38) . Singlet oxygen itself is very short-lived and cannot be responsible for ROS levels that persist long after the photosensitizing light is removed. However, some products of the reaction of 1 O 2 with biomolecules are also ROS, or precursors of ROS, that are longer-lived and can be produced over extended periods (46) . Figure 5 demonstrates a significant fluence-dependent increase of oxidized CMDCF fluorescence, a marker for intracellular oxidative stress, when targeted WTK1 cells were photosensitized with DP in the presence of CM-H 2 DCFDA and measured immediately after irradiation. To allow evolution of delayed oxidative stress, the ROS levels were measured in bystander cells 6 h after coculture with DP-photosensitized cells. BYSTANDER EFFECTS FROM PHOTODYNAMIC STRESS fluences, although both were significantly higher than the 3.6 J/cm 2 fluence (P , 0.05). To determine the possible importance of lipid peroxidation and membrane damage in bystander signaling, we employed a-tocopherol acetate (vitamin E, 30 mM) as a membrane antioxidant. Vitamin E can act as a ROS scavenger on two levels (1) by quenching singlet oxygen and (2) by acting as a radical chainbreaking agent. Cells that were scheduled for photodynamic treatment were preincubated with vitamin E for 1 h, washed and then used for experiments, whereas bystander cells were not pretreated with vitamin E. Control cells incubated with vitamin E alone did not show toxicity under these conditions. Figure 6A shows the protective effect of vitamin E on the targeted and bystander cells in terms of clonogenic survival. Statistically significant increases in clonogenic survival are seen in both populations, with the exception of the 1.8 J/cm 2 fluence in the bystander population, when the targeted cells were pretreated with vitamin E. Similarly, levels of oxidative stress in both targeted and bystander cells were reduced after the same treatment, as shown in Fig. 6B . Reduction in the case of targeted cells was statistically significant at all fluences used (P , 0.05). Although the trend was for a decreased fluorescence in the bystander population, this did not reach the level of statistical significance at any of the fluences used. Treatment of unirradiated control cells with vitamin E did not induce any changes in cell viability.
DISCUSSION
Previous work by Dahle and colleagues on photodynamic treatment of cells in culture has implied bystander effects on the basis of the probability distribution of cells responding under conditions where all cells were treated (27) . The observation of clustered effects distinct from a random distribution implied some form of co-operativity between cells attached on cell culture dishes (22, 26) . Further experiments from that group showed that cellcell contact was not required and that gap junctions were not exclusively used in the communication process (28) . In this study we have confirmed that bystander responses do occur after photodynamic oxidative stress in cell culture and have shown, by using WTK1 cells in suspension rather than attached cell lines, that extracellular diffusing species can mediate bystander effects. Under these conditions, gap junction communication is not possible because physical separation of treated and bystander cells is guaranteed by the nature of the transwell insert system (37) . Our results show that bystander effects are indeed generated under photodynamic stress in WTK1 cells and that these can be considerable, approaching the levels of response generated in the targeted cells, especially at low light fluences. Increased oxidative stress, DNA damage and mutagenesis are accompanied by a decrease in clonogenic survival in bystander cells.
While the targeted cell responses are dependent on fluence, we have also shown here that the magnitudes of these bystander effects typically do not increase with fluence in the same manner. Rather, larger effects are seen at lower fluences to the target cells where survival of this population is higher. Figures 2-5 all show the highest bystander responses in toxicity, DNA damage, mutation fraction and elevated oxidative stress at the lowest fluence used (0.6 J/cm 2 ), where around 50% of the targeted cells survive the insult. At higher levels of lethality, e.g., the 3.6 J/cm 2 fluence used here that reduced clonogenicity to ,5%, the bystander effect tends to diminish. Similar behavior has been observed in ionizing radiation experiments looking at a variety of end points (48, 49) . These observations infer that cell stress but not cell death is important in the generation of the bystander response and that active signaling is taking place, rather than simple release of intracellular contents from dying cells.
In this study we have confirmed our previous observation of DNA damage in WTK1 cells that are treated with an amphiphilic photosensitizer that localizes in cellular membranes and does not enter the nucleus (Fig. 3) . However, taking this a step further, we have now shown that the DNA damage leads to increased mutagenesis in surviving WTK1 cells (Fig. 4) . DNA damage and mutagenesis have not been the focus of much attention in PDT because the photosensitizers used typically do not enter the nucleus and the short lifetime of singlet oxygen in cells is not favorable for extranuclear formation, diffusion and subsequent reaction with DNA (50) . A more likely scenario is membrane damage generated by the primary singlet oxygen and the generation of secondary mediators that can diffuse both within and between cells to initiate oxidative damage. This is supported by the action of the membrane antioxidant, vitamin E, which reduced toxicity and oxidative stress in both targeted and bystander WTK1 cells. Certainly the bystander signaling process cannot be induced by singlet oxygen because the co-incubation is initiated after photodynamic treatment of the target cells. However, both DNA damage (51) (52) (53) and mutagenesis (54, 55) have been reported in a variety of cell lines after photodynamic targeting, and our results with directly targeted WTK1 cells confirm that extranuclear-localizing photosensitizers can cause DNA damage by secondary processes and that these lesions can be mutagenic.
Preincubation of targeted cells with vitamin E protects WTK1 cells from damage and reduces phototoxicity, oxidative stress and DNA damage. However, more interestingly, when vitamin E is administered only to the target cells, a significant reduction in toxicity, ROS levels and DNA damage was also seen in the bystander cells. This key observation suggests that membrane damage in the target cells is a key initiator for the bystander signal and that lipid peroxidation is initiated early in the bystander response pathway. This is supported by earlier experiments of Dahle et al. where the bystander effect was seen to be greater after treatments that produced membrane damage (22) . This action could be in the form of diffusing ROS that act as oxidizing agents in the bystander cells. Hydrogen peroxide and products of lipid hydroperoxides would have sufficient lifetime to diffuse to bystander cells to initiate oxidation processes. An interesting observation is the delayed increase (peaking at ,6 h) in oxidative stress that occurs in bystander WTK1 cells. Clearly, signaling occurs that produces elevated ROS levels in the bystander cells that subsequently lead to DNA damage, mutagenesis and cell death at later times.
The observation that the bystander responses observed here were highest at low toxicity to the targeted cells implies that the stressed cells are actively involved in secondary generation of ROS and signaling. We have also observed increased cytosolic calcium levels in the targeted cells (not shown) and are currently investigating the potential role of enzymes involved in arachidonic acid metabolism, including phospholipase A2 (PLA 2 ) and cyclooxygenase 2 (COX2), the latter having been implicated in the ionizing radiation-induced bystander effect (56) . Other potential sources of secondary ROS under investigation include the membrane-localized NADPH oxidases that are an attractive answer to the problem of generation of long-lived and extracellular ROS that can diffuse to bystander cells to initiate remote oxidative damage (57, 58) .
In summary, we have demonstrated that photodynamic treatment of WTK1 human lymphoblastoid cells in suspension under conditions where targeted and bystander cells cannot be in physical contact can lead to considerable bystander effects that can be important if extended to progression of disease that involved oxidative stress or in response to acute therapy. WTK1 bystander cells can experience increased oxidative stress, BYSTANDER EFFECTS FROM PHOTODYNAMIC STRESS leading to DNA damage, mutagenesis and cell death, thus expanding the range of cells affected from those that are directly targeted. While presently limited to the WTK1 line, these findings should be explored using other cell lines and photodynamic agents to determine whether the effects are general or specific in nature.
